Ammonium influx into plant roots via the high-affinity transport system (HATS) is down-modulated under elevated external ammonium, preventing ammonium toxicity. In ammonium-fed Arabidopsis, ammonium transporter 1 (AMT1) trimers responsible for HATS activity are allosterically inactivated in a dose-dependent manner via phosphorylation of the conserved threonine at the carboxyl-tail by the calcineurin B-like protein 1-calcineurin B-like protein-interacting protein kinase 23 complex and other yet unidentified protein kinases. Using transcriptome and reverse genetics in ammonium-preferring rice, we revealed the role of the serine/ threonine/tyrosine protein kinase gene OsACTPK1 in down-modulation of HATS under sufficient ammonium. In wild-type roots, ACTPK1 mRNA and protein accumulated dose-dependently under sufficient ammonium. To determine the function of ACTPK1, two independent mutants lacking ACTPK1 were produced by retrotransposon Tos17 insertion. Compared with segregants lacking insertions, the two mutants showed decreased root growth and increased shoot growth under 1 mM ammonium due to enhanced ammonium acquisition, via aberrantly high HATS activity, and use. Furthermore, introduction of OsACTPK1 cDNA fused to the synthetic green fluorescence protein under its own promoter complemented growth and the HATS influx, and suggested plasma membrane localization. Root cellular expression of OsACTPK1 also overlapped with that of ammonium-induced OsAMT1;1 and OsAMT1;2. Meanwhile, threonine-phosphorylated AMT1 levels were substantially decreased in roots of ACTPK1-deficient mutants grown under sufficient ammonium. Bimolecular fluorescence complementation assay further confirmed interaction between ACTPK1 and AMT1;2 at the cell plasma membrane. Overall, these findings suggest that ACTPK1 directly phosphorylates and inactivates AMT1;2 in rice seedling roots under sufficient ammonium.
INTRODUCTION
Nitrogen is a major limiting nutrient in plant growth and productivity. As a result, plants have evolved sophisticated mechanisms for efficient nitrogen acquisition and use, allowing them to cope with fluctuations in availability (Britto and Kronzucker, 2002) . In anaerobic or hypoxic flooded paddy soils, wetland rice (Oryza sativa L.), an important mainstay crop, tends to uptake ammonium as an abundant inorganic nitrogen source (Yoshida, 1981) . However, even at millimolar concentrations, ammonium as the sole nitrogen supply is frequently toxic to many terrestrial plants (Britto and Kronzucker, 2002; Miller and Cramer, 2004) . Nevertheless, the mechanisms of plant ammonium toxicity (Miller and Cramer, 2004; Bitts anszky et al., 2015) , which is intrinsically related to root ammonium uptake, remain controversial.
Ammonium uptake by plant cells is generally mediated by a biphasic influx across the plasma membrane (Wang et al., 1993a,b; Howitt and Udvardi, 2000) . Under low external ammonium concentrations, the ammonium influx occurs via an active, saturable high-affinity transport system (HATS), while at >1 mM external ammonium, a passive, non-saturable low-affinity transport system (LATS) is also involved. Under elevated ammonium, root HATS activity is down-modulated in both ammonium-preferring rice and ammonium-sensitive Arabidopsis thaliana, with a decrease in V max and increase in K m values in the former (Wang et al., 1993b) , and decrease in V max values in the latter (Rawat et al., 1999) , suggesting a common strategy aimed at preventing ammonium overload of the root cell cytoplasm (Howitt and Udvardi, 2000) .
Plant ammonium transporter 1 (AMT1) family proteins, which belong to the ammonium transporter/methylammonium permease/rhesus blood group antigen (AMT/MEP/Rh) superfamily (Ludewig et al., 2001) , mediate high-affinity ammonium uptake across the plasma membrane via an ammonium ion (NH 4 + ) uniport or proton/ammonia symport (Mayer et al., 2006) . Analysis of Arabidopsis mutants further revealed that AMT1;1, AMT1;2, and AMT1;3 are responsible for more than 90% of the total HATS influx (Loqu e et al., 2006; Yuan et al., 2007) . Similarly, differential expression of three OsAMT1 genes (OsAMT1;1, OsAMT1;2 and OsAMT1;3) was revealed in rice roots (Sonoda et al., 2003a) . The importance of rice AMT1;1 and AMT1;2 in HATS has been inferred from correlations between mRNA expression and HATS influx fluctuations during ammonium treatment (Kumar et al., 2003) . Under elevated external ammonium concentrations, Arabidopsis root AMT1s are negatively modulated at both the mRNA (Rawat et al., 1999; Yuan et al., 2007) and protein level through cooperative inactivation of AMT1;1, AMT1;2 and AMT1;3 functional trimers via phosphorylation of the conserved threonine residue at the cytoplasmic carboxyl (C)-tail Neuh€ auser et al., 2007; Lanquar et al., 2009; Yuan et al., 2013) and endocytosis of AMT1;3 after clustering (Wang et al., 2013) . Furthermore, Straub et al. (2017) recently identified the role of calcineurin B-like protein (CBL)-interacting protein kinase 23 (CIPK23) and CBL1 in phosphorylation-mediated inactivation of Arabidopsis AMT1;1 and AMT1;2. Involvement of other partially redundant kinases in AMT1 phosphorylation has also been suggested; however, they have yet to be identified.
In this study, we revealed the role of a protein kinase belonging to the serine/threonine/tyrosine (STY) protein kinase family (Rudrabhatla et al., 2006; Lamberti et al., 2011) in phosphorylation and inactivation of AMT1;2 and subsequent down-modulation of the HATS influx in rice seedlings grown under sufficient external ammonium. The nitrogen response and physiological significance of the findings during seedling growth are also discussed.
RESULTS

ACTPK1 accumulation in roots under sufficient nitrogen supply
Germinated rice seedlings were grown hydroponically for 10 days on culture media containing low (5-50 lM) or sufficient (0.25-1 mM) NH 4 Cl as the sole nitrogen source , unless otherwise stated. All culture media were renewed daily. To explore the genes associated with growth under sufficient ammonium, differences in global gene expression between roots fed 1 mM and 5 lM NH 4 Cl were analyzed using the rice 4 9 44 K RAP-DB microarray (http:// www.chem-agilent.com/). The resulting data (GSE66807; http://www.ncbi.nlm.nih.gov/geo/) revealed that the Os02g01 20100 gene (http://rapdb.dna.affrc.go.jp/) was markedly upregulated 1072-fold [false discovery rate (FDR; Benjamini and Hochberg, 1995) <0.05, Student's t-test] under 1 mM compared with 5 lM NH 4 Cl. This gene encodes a homolog of Arabidopsis protein kinases STY8 (At2g17700), STY17 (At4g35780) and STY46 (At4g38470) (Rudrabhatla et al., 2006; Lamberti et al., 2011; 79%, 83% and 82% similarities, respectively) . It includes a conserved ACT domain, which potentially serves as an intracellular small molecule-binding domain (Grant, 2006) , and a catalytic domain for both serine/ threonine and tyrosine phosphorylation (Figures 1a and S1 ). It was subsequently designated OsACTPK1.
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis confirmed an increase in OsACTPK1 mRNA in the roots with only a slight increase in the shoots under 1 mM NH 4 Cl (Figure 1b) . Of its five paralogs (OsACTPK2-OsACTPK6; Figure S1 ), only OsACTPK2 showed similar expression to OsACTPK1, albeit it to a lesser extent ( Figure S2 ). Meanwhile, root OsACTPK1 expression increased slightly under 1 mM KNO 3 even in the presence of tungstate (Figures 1c and S3 ), an inhibitor of nitrate reduction (Xiong et al., 2009 ), but was unaffected by control KCl (Figure 1c ). qRT-PCR and immunoblot analysis using an anti-ACTPK1 antibody further revealed dosedependent accumulation of OsACTPK1 mRNA as well as its protein, which had a predicted molecular mass of 64.9 kDa, in roots supplied with sufficient (0.25-1 mM) NH 4 Cl (Figure 1d and e). These results suggest that ACTPK1 plays a role in rice roots under sufficient external nitrogen, especially ammonium.
Enhanced ammonium acquisition and use in sufficient ammonium-fed ACTPK1 null mutants
To determine the function of ACTPK1 in rice, we established two independent mutant lines carrying homozygous insertions of the retrotransposon Tos17 (Hirochika, 2001) in OsACTPK1 (actpk1-1 for NG2527: at +3026 on exon-8; and actpk1-2 for NG4609: from +4098 to +4094 on exon-13, taking the translation start site as +1; Figure 2a ). Both lacked OsACTPK1 mRNA and protein (Figure 2b and c), and neither mutation had an effect on expression of paralogous genes ( Figure S4 ). Segregants without insertions (ACTPK1-1 and ACTPK1-2) showing comparable levels of OsACTPK1 mRNA and protein to wild-type (WT) Nipponbare (Figure 2b and c) were used as reference lines. Alterations common to both actpk1 lines were considered the result of ACTPK1 deficiency.
Phenotypes and the internal nitrogen status of seedlings grown under different nitrogen conditions were examined. Reference lines fed NH 4 Cl (0-1 mM) showed a dose-dependent decrease in root growth, based on the length and dry weight (D.W.), and an increase in shoot growth up to 0.25 mM (Figures 2d and 3a) . In general, reduced root growth and vigorous shoot growth occur under sufficient nitrogen nutrition (Marschner, 1995) . This tendency was also observed in seedlings grown in KNO 3 , but not under control KCl (Figure 2d ). Interestingly, compared with reference lines, the actpk1 lines exhibited phenotypic (b, c) The lack of OsACTPK1 mRNA (b) and protein (c) in roots of homozygous Tos17-insertion line seedlings (actpk1-1 and actpk1-2) grown under 1 mM NH 4 Cl. Seedlings of the wild-type (WT) and reference segregants without insertions (ACTPK1-1 and ACTPK1-2) were used as controls. Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) data were normalized against Actin and represent means AE SD (n = 3-4). Different letters denote significant differences (P < 0.01, post hoc Tukey-Kramer's honest significant difference test). n.d., not detected. Immunoblot analysis was performed as in Figure 1e . (d) Root and shoot lengths of actpk1 and reference lines grown for 10 days in 0-1 mM NH 4 Cl, 5 lM or 1 mM KNO 3 , or control KCl. Data represent means AE SD (n = 4-8). Asterisks indicate significant differences (**P < 0.01, *P < 0.05, Student's t-test). (e, f) Photographs of actpk1 and reference lines grown hydroponically for 10 days in 0.5 mM NH 4 Cl (e) and in a fertilized paddy field (f).
alterations only under sufficient NH 4 Cl (0.25-1 mM), with a decrease in root growth and enhanced shoot growth [mean AE SD shoot mg D.W. at 0.25 mM NH 4 Cl (n = 6), ACTPK1-1 versus actpk1-1: 12.9 AE 0.9 versus 15.9 AE 1.9, and ACTPK1-2 versus actpk1-2: 13.2 AE 0.8 versus 16.8 AE 0.7; Figures 2d, e, and 3a] , as well as an increase in nitrogen content (Figure 3b) . A similar phenotype was also observed in vegetative-stage actpk1 lines (Figure 2f ) grown in a fertilized paddy field (4.8 g ammonium-based nitrogen m À2 ). Under 1 mM NH 4 Cl, increased contents of free ammonium in the roots (Figure 3c ) and total amino acids in both the roots and shoots were observed in actpk1 compared with reference lines (Figure 3d ), mainly due to increased levels of glutamine and asparagine, a major glutamine metabolite (Ohashi et al., 2015; Figures 3e, f, and S5) . The abundance of ammonium-induced glutamine synthetase 1;2 and glutamine-responsive NADH-glutamate synthase 1, which assimilate ammonium into glutamine (Hirose et al., 1997; Ishiyama et al., 2004; Tamura et al., 2010; Funayama et al., 2013) , in roots of actpk1 compared with reference lines (Figure 3g ) could explain the increase in ammonium assimilation. Glutamine and asparagine are major forms of nitrogen transported from the roots to shoots via the xylem (Fukumorita and Chino, 1982) , with increased nitrogen investment in the leaves enhancing photosynthesis and growth (Makino et al., 1997) . These findings suggest, therefore, that ACTPK1 deficiency leads to enhanced ammonium acquisition and use under sufficient external ammonium.
Aberrantly high HATS activity in actpk1 mutant roots under sufficient ammonium Ammonium-influx activity via HATS and LATS into roots of 10-day-old actpk1 seedlings grown under 1 mM ammonium was also examined to further understand the increase in ammonium acquisition. Wang et al. (1993b) .
Comparisons of corresponding reference lines revealed that V max values via HATS were approximately double in each actpk1 line; however, there were no significant differences in K m values ( Figure 4d ). In contrast, the LATS influx was kinetically similar in both sets of lines (Figure 4c) . These findings suggest that ACTPK1 deficiency results in aberrantly high HATS activity under sufficient external ammonium.
Functional complementation analysis of ACTPK1 and its suggested plasma membrane localization
Functional complementation analysis and cellular and subcellular localization of ACTPK1 were examined in actpk1-1 seedlings containing OsACTPK1 cDNA fused with synthetic green fluorescent protein (sGFP) and driven by its own promoter. Two independent T3 progenies (actpk1-1/ ACTPK1-sGFP lines #1 and #2) expressing the transgene ( Figure 5a ) were generated. Shoot length and the Considering the cytosolic location of Arabidopsis STYs (Lamberti et al., 2011) , these findings suggest that ACTPK1 interacts with certain plasma membrane molecules.
Down-regulation of OsAMT1 genes in actpk1 mutants grown under sufficient ammonium
Because upregulation of OsAMT1;1 and OsAMT1;2 expression was previously observed in rice roots under sufficient ammonium (Sonoda et al., 2003a) and considering the strong correlation with HATS activity (Kumar et al., 2003) , we focused on the AMT1 family (OsAMT1;1-OsAMT1;3) to determine molecular causality between ACTPK1 and HATS activity. In situ hybridization of roots from WT seedlings grown in 1 mM ammonium revealed cell-specific expression of OsACTPK1 ( (a-f) Dry weights (a) and nitrogen contents (b) of roots and shoots under 0-1 mM NH 4 Cl, and contents of free ammonium (c), total amino acids (d), glutamine (e) and asparagine (f) in roots and shoots under 1 mM NH 4 Cl. Data represent means AE SD (n = 4). Asterisks indicate significant differences (**P < 0.01, *P < 0.05, Student's t-test).
(g) Immunoblot analysis of glutamine synthetase 1 (GS1) and NADH-glutamate synthase 1 (NADH-GOGAT1) in roots of actpk1 and reference lines under 1 mM NH 4 Cl.
2013
) have highlighted ammonium concentration-dependent inactivation of certain AMT1 trimers involved in HATS activity. This mechanism occurs allosterically through phosphorylation of the conserved threonine residue at the hinge between the intra-molecular interaction domain and inter-trans interaction domain in the cytosolic C-tail. Furthermore, Straub et al. (2017) recently revealed that CIPK23, combined with CBL1, is one of the kinases responsible for this mechanism in Arabidopsis.
Here, corresponding threonine-452, -453 and -455 were found on rice AMT1;1, AMT1;2 and AMT1;3, respectively ( Figure S6a) , with phosphorylation of threonine-452 previously observed in rice roots grown under 1 mM ammonium (Zhu et al., 2015) . The effect of threonine phosphorylation on rice AMT1 function was verified by complementation of the ammonium uptake-deficient yeast strain 31019b, which cannot grow in <5 mM ammonium as the sole nitrogen source (Marini et al., 1997) . Under 0.2 and 1.0 mM ammonium, growth was restored in cells transformed with WT or non-phosphomimetic (alanine substitution) AMT1s. In contrast, cells transformed with phosphomimetic forms (aspartate substitution) did not grow ( Figure S6b ), suggesting inactivation via threonine phosphorylation. These results therefore agree with those of Zhu et al. (2015) .
AMT1 phosphorylation activity of ACTPK1 in vitro
Whether ACTPK1 phosphorylates the crucial C-tail threonine of rice AMT1s was analyzed via an in vitro phosphorylation assay followed by phosphate-binding tag (phos-tag) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), in which migration of phospho-polypeptides is impeded (Kinoshita and KinoshitaKikuta, 2011) . To do so, we used recombinant ACTPK1 with a His 6 -tag (rACTPK1) and substrate AMT1 C-tail polypeptides (cAMT1 WTs), and their alanine-substituted mutants (cAMT1;1 T452A, cAMT1;2 T453A, and cAMT1;3 T455A). In phos-tag SDS-PAGE, each cAMT1;1 and cAMT1;2 WT showed a single polypeptide up-shift after reaction with rACTPK1 in the presence of ATP compared with the negative control reaction lacking ATP (Figure 7a ). In contrast, no up-shift was observed in any of the cAMT1;3 WT or alanine-substituted mutants (Figure 7a ). Subsequent treatment with k protein phosphatase resulted in similar migration as in the negative control (Figure 7a ). Specific threonine phosphorylation was also confirmed by immunoblot analysis with a phospho-specific antibody (anti-pT-AMT1; Figures 7a and S7) raised against the phospho-peptide GMD(Nle)T(p)RHGGFA, which corresponds to the Arabidopsis AMT1;1 C-tail around phospho-threonine-460 ( Figure S6a ), according to Lanquar et al. (2009) . 
Figure 5. Complementation analysis of OsACTPK1 cDNA-sGFP driven by its own promoter, and cellular and subcellular localization of ACTPK1-sGFP.
(a) Reverse transcription-polymerase chain reaction (PCR) of ACTPK1-sGFP in roots of independent actpk1-1/ACTPK1-sGFP lines #1 and #2 under 1 mM ammonium. Actin was used as a control.
(b-d) Shoot (b) and root lengths (c), and the 15 NH 4 + influx via high-affinity transport system (HATS) (d) in wild-type (WT), ACTPK1-1, actpk1-1 and actpk1-1/ ACTPK1-sGFP seedlings grown under 1 mM ammonium. Data represent means AE SD (n = 3-6). Different letters denote significant differences (P < 0.05, post hoc Tukey-Kramer's honest significant difference test). (e-o) Fluorescence images of ACTPK1-sGFP in emerging lateral roots (e), the elongation zone (g) and tip (i) of the primary root, and root hairs (k), and differential interference contrast (DIC) observations (f, h, j, l). Fluorescence images with DIC observations of ACTPK1-sGFP (m) and FM4-64 staining (n) of a root hair, plus the merged image (o). The actpk1-1/ACTPK1-sGFP seedlings were grown in 1 mM ammonium. As shown, the plasma membrane was stained briefly with FM4-64. Dm, dermatogen; Cc, central cylinder; Ep, epidermis; Ex, exodermis; Lr, lateral root; Rh, root hair. Scale bars: 25 lm (e-l); 10 lm (m-o).
Although phosphorylation sites are found on rice and Arabidopsis AMT1 C-tails (N€ uhse et al., 2004; Benschop et al., 2007; Hem et al., 2007; Lanquar et al., 2009; Zhu et al., 2015;  Figure S6a ), the single up-shift could also be the result of a single phosphorylation site. Thus, ACTPK1 phosphorylates threonine-452 of AMT1;1 and threonine-453 of AMT1;2 in vitro, with no effect of ammonium (Figure S8 ).
Inactivation of AMT1;2 via direct phosphorylation by ACTPK1 in planta Whether ACTPK1 deficiency affects AMT1 amounts and phosphorylation at the crucial C-tail threonine was determined by immunoblot analysis of root membrane fractions from WT, actpk1 mutant and reference line seedlings grown in 1 mM ammonium. In these roots, AMT1;1 and AMT1;2 were the predominant AMT1 isoforms (Figure 6 ). In addition to the anti-pT-AMT1 antibody, we also used anti-AMT1 antibody isolated from crude anti-pT-AMT1 antiserum (Figure S7 ) and specific to both AMT1;1 and AMT1;2 C-tails (Figure 7b ). Both antibodies specifically recognized the~40-kDa polypeptide in root membrane fractions (Figure 7c ), in good agreement with previous results of unphospho-and phospho-monomers of Arabidopsis AMT1s (Lanquar et al., 2009; Straub et al., 2017) . Plasma membrane H + -ATPase was used as a loading control. In actpk1 mutants, compared with WT and reference lines, the amount of AMT1s (AMT1;1 plus AMT1;2) decreased only slightly (Figure 7c ) in accordance with their mRNA levels ( Figure 6q ); however, the total level of phosphorylation decreased substantially (Figure 7c ). These findings suggest that ACTPK1 deficiency impairs phosphorylation of AMT1;1 and/or AMT1;2, causing active AMT1s and aberrantly high HATS activity.
Next, direct interaction between ACTPK1 and each AMT1 was verified by transient bimolecular fluorescence complementation (BiFC) assay in onion (Allium cepa) epidermal cells. Translational fusions of OsAMT1;1, OsAMT1;2, OsAMT1;3 and OsACTPK1 with genes of N-or C-terminal enhanced GFP splits (nEGFP and cEGFP) were driven by the cauliflower mosaic virus 35S promoter. Only co-expression of AMT1;2-cEGFP and ACTPK1-nEGFP generated fluorescence as a result of re-constitution of EGFP at the plasma membrane (Figure 7d) , as confirmed by plasmolysis (Figure 7e) , indicating direct interaction between ACTPK1 and AMT1;2. Control sGFP fluorescence was observed in the cytosol (Figure 7f ), while no fluorescence was observed upon co-expression in negative controls (AMT1;2-cEGFP plus nEGFP and ACTPK1-nEGFP plus cEGFP; Figure 7g and h) or in any other combination of ACTPK1/AMT1 fusions ( Figure S9 ). Overall, these results suggest that ACTPK1 directly phosphorylates and inactivates AMT1;2 in planta.
DISCUSSION
Ammonium influx via the root HATS is down-modulated under elevated external ammonium concentrations in ammonium-preferring rice and ammonium-sensitive Arabidopsis, preventing potential toxicity (Wang et al., 1993b; Rawat et al., 1999; Britto and Kronzucker, 2002; Miller and 
(q) Figure 6 . In situ localization of OsACTPK1 (a, b), OsAMT1;1 (c, d), OsAMT1;2 (e, f) and OsAMT1;3 (g, h) mRNAs in wild-type (WT) roots, and quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis of actpk1 and reference line roots (q) under 1 mM ammonium. Antisense probes were hybridized to elongation zones (a, c, e, g) and tips (b, d, f, h). Sense probes for OsACTPK1 (i, j), OsAMT1;1 (k, l), OsAMT1;2 (m, n) and OsAMT1;3 (o, p) were also hybridized to elongation zones (i, k, m, o) and tip sections (j, l, n, p) as negative controls. Dm, dermatogen; Cc, central cylinder; Ep, epidermis; Ex, exodermis. Scale bars: 100 lm. qRT-PCR data normalized against Actin represent means AE SD (n = 3-4), and asterisks indicate significant differences (*P < 0.05, Student's t-test) (q). However, other kinases thought to be involved are yet to be identified. In this study, we revealed the direct role of a rice STY kinase, ACTPK1, in phosphorylation and inactivation of AMT1;2. OsACTPK1 mRNA and protein accumulated in a dosedependent manner in WT seedling roots under sufficient (0.25-1 mM) external ammonium (Figure 1d and e) . Meanwhile, actpk1 mutant seedlings showed a decrease in root growth and increase in shoot growth under similar conditions due to enhanced ammonium acquisition, via aberrantly high HATS activity, and use (Figures 2d, e, 3 and 4) . Complementation of growth and the HATS influx via the introduction of own promoter-driven OsACTPK1 cDNAsGFP (Figure 5a-d) further indicated that OsACTPK1 was responsible for these phenotypes.
Cramer, 2004). Arabidopsis AMT1s involved in HATS activ
Phosphorylation of several residues on the AMT1 C-tail was previously observed in the presence and absence of external ammonium (N€ uhse et al., 2004; Benschop et al., 2007; Hem et al., 2007; Lanquar et al., 2009; Zhu et al., 2015;  Figure S6a ). In Arabidopsis, a single residue on AMT1;1, AMT1;2 and AMT1;3 (threonine-460, -472 and -464, respectively) was found to be responsible for transporter inactivation Neuh€ auser et al., 2007; Lanquar et al., 2009; Yuan et al., 2013) . Here, phosphomimetic mutation analysis in yeast confirmed inactivation via corresponding threonine-452, -453 and -455 on rice AMT1;1, AMT1;2 and AMT1;3, respectively ( Figure S6 ), consistent with previous phosphoproteomic analysis identifying threonine-452 in rice roots under 1 mM ammonium (Zhu et al., 2015) . Thus, these findings suggest modulation similar to Arabidopsis AMT1.
(g) (h) Figure 7 . ACTPK1-dependent phosphorylation of threonine-453 on AMT1;2 for inactivation.
(a) In vitro phosphorylation assay of AMT1 C-tail peptides (cAMT1) with or without alanine substitutions on the conserved threonine using rACTPK1 in the presence or absence of ATP, followed by dephosphorylation with kPPase. Samples were subjected to phos-tag sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie Brilliant Blue staining or immunoblot analysis with anti-pT-AMT1 antibody. The normal SDS-PAGE gel shows equal amounts of the substrate proteins. In the roots of actpk1 mutant seedlings grown under sufficient ammonium, the level of crucial C-tail threoninephosphorylated AMT1s decreased substantially, while the ammonium influx increased via aberrantly high HATS activity (Figures 4a, d, and 7c) . In these roots, the dominant AMT1s were AMT1;1 and AMT1;2 (Figure 6 ), which are potential HATS components (Kumar et al., 2003) . Additional BiFC analysis in onion cells further confirmed direct interaction between ACTPK1 and AMT1;2 at the plasma membrane (Figure 7d and e) . Interaction between the non-phosphorylated C-tail and pore region of a neighboring subunit is essential for active ammonium transport of homo-and hetero-trimers of Arabidopsis AMT1;1 and AMT1;3, with C-tail threonine phosphorylation trans-inactivating the entire trimer complex Yuan et al., 2013) . These findings suggest, therefore, that ACTPK1 directly phosphorylates threonine-453 of rice AMT1;2, inactivating the AMT1;2-assembled quaternary active complex. This was further supported by the in vitro phosphorylation specificity of ACTPK1 to threonine-453 on the synthetic AMT1;2 C-tail moiety (Figure 7a) . Hetero-oligomerization of rice AMT1;1 and AMT1;2 remains to be determined; however, it is thought likely because of their overlapping root cellular expression (Figure 6c-f) .
The presence of threonine-phosphorylated AMT1s in roots of actpk1 mutants grown under sufficient ammonium suggests the involvement of other partially redundant protein kinases (Figure 7c ). As described above, the CBL1-CIPK23 complex is involved in phosphorylation-mediated inactivation of AMT1;1 and AMT1;2 in Arabidopsis roots (Straub et al., 2017) . This complex is also involved in phosphorylation and activation of K + channel AKT1 under low external K + (Cheong et al., 2007; Hashimoto et al., 2012) . A CBL1-CIPK23 complex, which can activate AKT1, has also been identified in rice roots (Li et al., 2014) , suggesting a similar function to AMT1 phosphorylation in Arabidopsis. Given the high similarity among rice ACTPKs and Arabidopsis STYs ( Figure S1) , it is therefore possible that ACTPKs, excluding ACTPK1, and STYs function in AMT1 phosphorylation. The increased leaf angle 1 kinase, which corresponds to rice ACTPK4, regulates mechanical tissue formation at the rice leaf lamina point (Ning et al., 2011) , while Arabidopsis STY8, STY17 and STY46 are involved in the import of chloroplast-targeting preproteins (Lamberti et al., 2011) . Because OsACTPK2 showed a similar ammonium response as OsACTPK1, albeit it to a lesser extent ( Figure S2 ), this kinase is therefore a possible candidate. Further integrative analysis of ACTPK1, CBL1-CIPK23 and other unidentified kinases will therefore provide further understanding of the complex mechanisms of ammoniumdependent AMT1 modulation. In line with this, comparable K m values of HATS among actpk1 mutant and reference lines under 1 mM ammonium (Figure 4d ) as well as the lack of correlation between K m values and ammonium supply in Arabidopsis (Rawat et al., 1999) suggest that the mechanisms affecting K m values differ from those affecting V max values. OsACTPK1 and OsAMT1;2 showed overlapping root cell type-specific expression in the dermatogen, epidermis, exodermis and central cylinder under 1 mM ammonium (Figures 5g-j, and 6a, b, e, f) , largely coinciding with the results of Sonoda et al. (2003a) . Moreover, the root tip cells including the dermatogen were previously found to be highly sensitive to ammonium (Li et al., 2010) , while the outermost epidermis and second-outermost exodermis cells were found to be important for soil ammonium uptake into the symplastic path (Tabuchi et al., 2007) as a result of Casparian strip deposition in exodermis cells blocking radial apoplastic solute transfer (Morita et al., 1996) . Ammonium uptake and retrieval into the vascular system is also thought to occur in the central cylinder (Sonoda et al., 2003a) , while ammonium uptake by lateral roots and root hairs has also been observed (Tatsumi, 1982; Kosegarten et al., 1997) . These findings coincide with OsACTPK1 expression (Figure 5e-l) , suggesting that ACTPK1 tightly modulates ammonium uptake of AMT1;2 in these specific cells.
Furthermore, under 1 mM ammonium, subcellular localization of ACTPK1-sGFP was largely consistent with plasma membrane localization (Figure 5m-o) , suggesting interaction between ACTPK1 and plasma membrane-localized AMT1;2, although ammonium dependency has yet to be determined. Given that ammonium had no effect on ACTPK1-induced phosphorylation of AMT1;2 in vitro (Figure S8 ) and the parallel dose-dependent accumulation of ACTPK1 with its mRNA under sufficient ammonium (0.25-1 mM; Figure 1d and e), these findings suggest that ACTPK1-mediated modulation of AMT1;2 is largely dependent on the transcriptional control. Moreover, while root OsACTPK1 responded to sufficient inorganic nitrogen sources, expression under ammonium was particularly high compared with that under nitrate (Figures 1c, d , and S3), suggesting adaptive evolution of the regulatory mechanism to ammonium-enriched soils.
Glutamine was previously identified as the true signal for ammonium-induced induction of OsAMT1;1 and OsAMT1;2 (Sonoda et al., 2003b) . However, despite the dramatic increase in actpk1 mutant roots under sufficient ammonium ( Figure 3e ), OsAMT1;1 and OsAMT1;2 remained suppressed (Figure 6q ). It has been suggested that indeterminate domain 10 (LOC_Os04g47860, http:// rice.plantbiology.msu.edu/) and basic helix-loop-helix (LOC_Os03g04310) transcription factors are also independently involved in ammonium-induced induction of these AMT1s Wang et al., 2017) , suggesting that ACTPK1 function is linked with these regulatory pathways as well as glutamine-signal transduction.
Under sufficient external ammonium, actpk1 mutant seedlings showed stimulated shoot growth and increases in amino acid and nitrogen contents (Figures 2d, e, 3a , b, and S5) due to enhanced ammonium uptake and assimilation (Figure 3c-f ) via aberrantly high HATS activity (Figure 4a and d) and abundant ammonium assimilation enzymes (Figure 3g ). Similar growth phenotypes were also observed in vegetative-stage actpk1 mutants grown in a paddy field (Figure 2f) , and previously in transgenic seedlings grown under sufficient ammonium and showing increased ammonium permeability as conferred by OsAMT1;1 overexpression (Ranathunge et al., 2014) . Rice cytosolic glutamine synthetases have a superior ammonium assimilation capacity with high V max values (Ishiyama et al., 2004) ; however, high ammonium accumulation in roots and the plateauing of nitrogen content and growth in shoots of actpk1 mutants under 1 mM external ammonium (Figure 3a-c) indicate saturation of ammonium assimilation. Thus, ACTPK1-mediated down-modulation of HATS under increasing ammonium could be important in adjusting the ammonium influx to prevent saturation of ammonium assimilation.
EXPERIMENTAL PROCEDURES Plant materials
Seeds of rice (O. sativa L.) lines (NG2527 and NG4609; Nipponbare genetic background) potentially harboring the Tos17 insertion in OsACTPK1 (Os02g0120100), identified via a BLAST search of the Mutant Panel database (https://tos.nias.affrc.go.jp/), were provided by the Rice Genome Resource Center (RGRC, Tsukuba, Japan). For mutant selection, candidate and WT (Nipponbare) were self-pollinated (Tamura et al., 2011) . Segregated Tos17-insertion homozygotes confirmed as lacking ACTPK1 and noninsertion lines (lacking Tos17 in OsACTPK1) were used as ACTPK1-null mutants and reference lines, respectively. Complementation rice lines carrying the OsACTPK1-promoter-cDNA open reading frame (ORF): sGFP and WT rice (Koshihikari) were also used. Seeds were selected in salt solution, sterilized and germinated, and then sown on nylon netting floating on quarter-strength nutrient solution buffered with 5 mM 2-(N-morpholino)ethanesulfonic acid at pH 5.5 and containing a sole nitrogen source. They were grown for 10 days in a greenhouse at 25°C with natural sunlight and supplemental artificial light from 05:00 hours to 19:00 hours . The nutrient solution was renewed daily. Concentrations of NH 4 Cl, KNO 3 and control KCl are shown in the legends for Figures 1-7 and S2-S5. For analysis in Figure S3 , WT seedlings were grown on water for 14 days and then treated with nitrogen for 12 h. Roots and shoots were harvested, immediately frozen in liquid nitrogen and stored at À80°C, or air-dried at 80°C and stored in a desiccator until use.
DNA and RNA extraction, screening of mutants and complementation lines, qRT-PCR and semi-quantitative RT-PCR Extraction of genomic DNA, genotyping, Tos17 insertion determination, selection of complementation lines, RNA extraction, and qRT-PCR and semi-quantitative RT-PCR analyses were performed as described by Funayama et al. (2013) .
Transcriptome analysis
Total RNA was extracted from roots of rice (Koshihikari) grown for 10 days in 5 lM or 1 mM NH 4 Cl. Four-biological-repeat transcriptome analysis using a rice 4 9 44 K RAP-DB microarray (Agilent Technologies, http://www.chem-agilent.com/) was performed with cyanine-3-labeled cRNA. Data and procedures were deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database (accession number GSE66807, http://www.ncbi.nlm.nih.gov/geo/). Scanned images were analyzed according to the GE1_1010_Sep10 protocol using Feature Extraction Software v10 (Agilent Technologies). Of 36 444 root genes expressed in 5 lM or 1 mM NH 4 Cl, 28 381 were differentially expressed according to the Student's t-test with an FDR < 0.05 (Benjamini and Hochberg, 1995) .
Primers and accession numbers of sequence data
Primers and gene accession numbers are shown in Table S1 .
Protein extraction and immunoblot analysis
Protein extraction from rice roots and immunoblotting after SDS-PAGE were performed as described by Tamura et al. (2010) . The extraction solution consisted of 100 mM Tris-HCl (pH 7.5) containing 2.5 mM dithiothreitol, 1 mM MgCl 2 , 1 mM ATP, 2% (w/v) lithium dodecyl sulfate, 10% (w/v) glycerol, and protease inhibiter cocktail at a dilution of 1:100 (set III, EDTA-free; Merck Millipore; http:// www.merck.co.jp/). Crude membrane fractions were prepared from roots by cell fractionation using ultracentrifugation (Yamaya et al., 1996) . The protein content was determined with RC DC or Bio-Rad Protein Assay kits (Bio-Rad Laboratories; http://www.biorad.com/), with bovine serum albumin as the standard. Anti-ACTPK1 antibody was prepared from rabbit immunized with the synthetic 13-residue peptide for rice ACTPK1 (amino acid positions +31 to +43, GRRADKSGRRLEV) conjugated with ovalbumin (Asahi Techno Glass, Chiba, Japan). Rabbit antiserum raised against the synthetic phosphorylated 11-residue peptide for Arabidopsis AMT1;1 (+456 to +466, GMD[NIe]pTRHGGFA) conjugated with keyhole limpet hemocyanin (Eurofins Genomics K.K.; https://www. eurofinsgenomics.jp/) was affinity-purified by column chromatography with phosphorylated peptide-binding resin followed by non-phosphorylated peptide-binding resin. Flow-through and absorbed fractions were then used as anti-pT-AMT1 and anti-AMT1 antibodies, respectively. Anti-NADH-GOGAT (Ishiyama et al., 1998) , anti-GS1 (Ishiyama et al., 2004) and anti-maize H + -ATPase (Nagao et al., 1987) antibodies were also used as primary antibodies.
Measurement of total nitrogen, ammonium and amino acids
Total nitrogen contents were determined according to Tamura et al. (2011) , and free amino acid and ammonium contents as described by Tamura et al. (2010) .
NH 4 + uptake analysis
Seedlings pre-grown for 10 days in 1 mM NH 4 Cl were used to measure the 15 N-labeled NH 4 + influx into the roots as described by Yuan et al. (2007) . Briefly, roots were rinsed in 1 mM CaSO 4 solution for 1 min, incubated for 6 min in quarter-strength nutrient solution containing different concentrations of 15 Roots were then harvested, air-dried at 80°C, ground into a powder, and stored in a desiccator. The powder was used for 15 N determination using an NA1500 series 2 NCS elemental analyzer connected to a DELTA plus isotope ratio mass spectrometer (Thermo Fisher Scientific K.K.; http://www.thermofisher.co.jp/). Concentration-dependent ammonium influx values were subjected to linear and non-linear regression analyses followed by an F-test using GraphPad PRISM ver. 6.01 (GraphPad Software; http:// www.graphpad.com/).
Gene construction
OsACTPK and OsAMT1 cDNA clones were provided by RGRC and Dr Junji Yamaguchi (Hokkaido University, Sapporo, Japan), respectively. KOD-plus DNA polymerase (Toyobo; http://lifescie nce.toyobo.co.jp) was used for PCR. To construct gateway entry clones, DNA fragments containing the entire ORF without a stop codon for OsACTPK1, OsAMT1;1, OsAMT1;2 and OsAMT1;3 were amplified by PCR. The KpnI-NotI fragment of the OsACTPK1 cDNA ORF was inserted between KpnI and NotI sites of pENTR 3C Dual (Thermo Fisher Scientific K.K.). Each OsAMT1 cDNA ORF was then cloned into pENTR/D-TOPO (Thermo Fisher Scientific K.K.). To create an OsACTPK1-promoter-cDNA ORF: sGFP construct, the StuIAgeI PCR fragment of the 5 0 -upstream region of exon-2 of OsACTPK1 (nucleotide position À4948 to +368; translation initiation site +1) was inserted between XmnI and AgeI sites of the OsACTPK1 entry clone, followed by LR recombination with pGWB504 (Nakagawa et al., 2007) . cDNA entry clones without a stop codon for OsAMT1;1(T452A), OsAMT1;1(T452D), OsAMT1;2 (T453A), OsAMT1;2(T453D), OsAMT1;3(T455A) and OsAMT1;3 (T455D) were generated by inverse PCR using a KOD Plus Mutagenesis kit (Toyobo). To create expression constructs in yeast, OsAMT1 entry clones were subjected to LR recombination with pAG426GPD-ccdB (Addgene Org.; https://www.addgene.org/; Alberti et al., 2007) , followed by addition of the stop codon after the AMT1 ORF using a KOD Plus Mutagenesis kit. To create expression constructs in Escherichia coli, DNA fragments with restriction enzyme sites at the 5 0 -and 3 0 -termini were generated by PCR. The Acc65I-BamHI fragment of OsACTPK1 cDNA ORF or SacI-HindIII fragments encoding the C-tail (+430 to +498) of OsAMT1;1 (WT) or (T452A), the C-tail (+438 to +496) of OsAMT1;2 (WT) or (T453A), and the C-tail (+435 to +498) of OsAMT1;3 (WT) or (T455A) were inserted into pCold TF (Takara Bio; http://www.ta kara-bio.com/). In the case of ACTPK1, the trigger factor-tag was removed by inverse PCR. OsACTPK1 and OsAMT1 entry clones were subjected to LR recombination with the BiFC vector (Tanaka et al., 2012) pnGGW or pcGGW to create N-terminal fusions of nEGFP or cEGFP, and with pGWnG or pGWcG to create C-terminal fusions.
In situ hybridization
In situ hybridization of longitudinal sections of the root apex (approximately 5 mm long) was performed as described previously (Ohashi et al., 2015) . RT-PCR fragments of 3 0 -untranslated regions of OsACTPK1 and OsAMT1s were used for RNA probe synthesis.
Plant transformation, GFP analysis and transient BiFC analysis
Agrobacterium-mediated transformation of OsACTPK1-promotercDNA ORF: sGFP into the actpk1-1 line and T3 progeny selection were performed as described by Funayama et al. (2013) . Plasma membranes of root cells were stained briefly by FM4-64. BiFC constructs were co-introduced into onion epidermal cells by particle bombardment (Goto et al., 1998) , followed by culture for 16 h on Murashige and Skoog medium. Cells were plasmolyzed by treatment with 0.5 M KCl solution for a few min. GFP and FM4-64 fluorescence and Nomarski differential interference-contrast optic observations were carried out under a confocal laser-scanning microscope (C1plus; excitation: 488 nm and emission: 500-530 nm for GFP; and >650 nm for FM4-64; Nikon Instech; http:// www.nikon.com/).
Functional analysis in yeast
Functional analysis in yeast was carried out as described in the legend of Figure S6b .
Overexpression and purification of recombinant proteins
Escherichia coli Origami B (Takara Bio) was transformed with each gene construct, grown at 37°C until reaching an OD 600 of 0.5, treated with 1 mM isopropyl-1-thio-b-D-galactopyranoside, and then incubated for 24 h at 15°C for expression of recombinant proteins. Cell pellets were lysed in ice-cool X-Tractor lysis buffer (Takara Bio) containing a protease inhibiter cocktail, and then soluble His 6 -tagged protein was purified by affinity chromatography using cobalt-nitrilotriacetic acid resin (Takara Bio). After addition of an equal volume of glycerol, proteins were then stored at À30°C until use.
In vitro phosphorylation assay
Each OsAMT1 C-tail peptide (2.6 lg) was incubated with rACTPK1 (0.14 lg) in the presence or absence of 100 lM ATP in a total volume of 20 ll phosphorylation solution [100 mM Tris-HCl (pH 7.5) and 1 mM MnCl 2 ]. The reaction was performed for 20 min at 30°C and aliquots were treated with kPPase. After termination by adding 5 ll of SDS sample buffer [312.5 mM Tris-HCl (pH 6.8), 25% (v/ v) glycerol, 5% (w/v) SDS, 12.5% (v/v) 2-mercaptoethanol], samples were subjected to SDS-PAGE or phos-tag SDS-PAGE (15% SuperSep Phos-tag gel; Wako Pure Chemical Industries; http:// www.wako-chem.co.jp). Proteins were stained with Coomassie Brilliant Blue.
Statistics
Data were analyzed according to the Student's t-test (P < 0.05 and <0.01) using Excel (Microsoft Japan; http://www.microsoft.com/) or a post hoc Tukey-Kramer's honest significant difference test (P < 0.01) using JMP 10.0.2 (SAS Institute Japan; http://www. jmp.com/ja_jp/).
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